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ABSTRACT
The formation of residual stresses during the processing of composite parts can lead to
undesired defects such as delamination which can reduce the overall strength of a
completed component. Furthermore, the addition of curvature to the part geometry tends
to result in wrinkle formation which leads to stress concentrations developing throughout
the curing process in the areas near these wrinkles. In this work, Digital Image
Correlation (DIC) will be used to monitor the development of stresses throughout the
cure cycle of carbon fiber prepreg in several different lay-ups and across tool plates with
varying curvatures to determine what effect the curvature has on the formation of residual
stresses. Four different layup configurations are used, with two using regular-thickness
plies, [0/90]s and [45/-45]2, and two using thin plies, [0/90]3s and [45/-45]6. The strains
that develop during the cure cycle are measured using the DIC and temperature
dependent modulus data is obtained using Dynamic Mechanical Analysis (DMA).
Utilizing these, the residual stresses are calculated using composite lamination theory
(CLT), with a code developed in MATLAB. Results indicate that the cross-ply samples
cured on the curved plates generated higher residual strains than those cured on the flat
plate, while in the asymmetric tests, the residual strains which developed were nearly
identical regardless of the tool plate geometry. The same trend could be seen in the
residual stresses in each ply, and together this points to layups which would naturally
warp based on their ply-angles having a lower effect from the introduction of tool-plate
curvature. Recommendations for future investigations are discussed.
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1. Introduction
With a large focus on the minimization of weight for aeronautical structures,
composites have become a core aspect of any air or spacecraft. In many cases these
components feature curvatures or other geometric complexities to fit the requirements.
For example, composites have a high prevalence in places such as aircraft fuselage and
wings, as well as spacecraft fuel tanks, all of which feature varying levels of curvature.
Having introduced these geometric complexities, it is now desired to know what effects
they will have on the formation and evolution of the process-induced residual stresses,
which is the objective of this thesis research.
1.1. Objective
The core goals of this study are to examine the various effects which both part
curvature as well as ply thickness have on the overall development of residual stresses
during processing. To accomplish this, three different curvatures of tool plate will be
utilized along with four lay-ups of Carbon fiber prepreg, two which are using thickerplies, and two which use thin-plies. For each of the ply types, both a symmetric and
unsymmetric lay-up were made and tested across each of the tool plates, with the overall
thickness of the completed lay-up remaining as close to the same as possible based on the
individual ply thickness. The evolution of the residual stresses will be monitored using
in-situ DIC analysis.
The focus will be on whether there is a notable increase or decrease in the level of
residual stress which forms throughout the curing process when adding either convex or
concave curvature to the tool plate. These effects will also be compared based on the ply
thickness between similar lay-ups.
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1.2. Motivation
As demand continues to increase for spacecraft, whether for human travel to other
planets or satellites to provide communications capabilities here on Earth, the need for
structural advancements in these craft also grows. With my area of concentration being in
astronautics for my undergrad degree, and my focus for post-grad being in structures and
materials, I knew that I wanted to focus my research in a field which built upon my
knowledge in both topics. Looking at topics which combined both along with the work I
was already completing as a research assistant, it quickly became apparent that studying
the residual stress formation for parts featuring a geometric complexity would be a great
choice. With many spacecraft featuring curved composite parts, such as in their fuel
tanks, it was apparent that this would be useful knowledge moving forward as I begin a
career in the industry. My motivation in performing this study is to look to improve the
performance of these structural elements by better optimizing the cure cycle to reduce the
residual stress formation based on the results and knowledge I’ve gained.
From the research perspective, this study covers an important area which has not
been previously explored in detail. Residual stress development has been well
documented, and is a very important topic within the composites field as these stresses
can lead to major defects which will negatively impact the structures they are to be
implemented in. Building from there; however, few studies have gone into the effect
which curvature has on the development of these stresses, and none present a thorough
in-situ investigation of the formation of these stresses in curved parts. This is the area
which I will be delving into within this study to fulfill the gap that currently exists. With
air and spacecraft featuring more and more complex part geometries in the interest of
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optimization of aerodynamics or weight reduction, the need for in-depth studies of curved
composites is higher than ever before. I will be taking this a step further by investigating
the effects of ply-thickness and how it interacts with the introduction of curvature as well
due to the increasing interest in thin-ply composites due to the benefits they have been
shown to provide in various mechanical properties and in the reduction of defect
formation. By studying this combination of topics, I’m looking to provide a better
understanding of these effects and to fill the gap that exists in current literature.
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2. Review of Relevant Literature
Prior to beginning the experimental portion of this study, it was important to first
build a strong working background based on other relevant research. These literature
reviews were written in the weeks preceding the start of the actual experimentation and
continuing periodically throughout the testing period as new questions arose. Before
delving deep into the specific topics, I will first introduce some of the core information
pertaining to the use of composites in the aerospace industry.
2.1. Introduction to Aerospace Composites
With the continued development of the aerospace industry, there is an evergrowing desire to minimize the weight of air and spacecraft to reduce cost whilst still
maintaining a strong structure that can operate safely under often harsh conditions. As
composite materials became more prevalent, an obvious application for them was in
sections of airplanes due to their light weight and high strength which makes them a
perfect fit. In modern aircraft especially, it is fairly common for a majority of the
structure to be made of various composite materials such as Carbon Fiber Reinforced
Polymers (CFRP), Glass Fiber Reinforced Polymers (GFRP), and Aramid/Resin
composites. An example of this can be seen in Figure 1.1, which shows the usage of
CFRP in an Airbus A350 aircraft, which makes up 53% of the structure. The rest of the
aircraft is made up of materials that were previously the most prevalent such as aluminum
alloys and steel, but these are now mostly utilized in areas such as the leading edges of
wings and the fronts of the engine nacelles.
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Figure 2.1 Diagram of an Airbus A350 detailing materials used in each part (Bachmann,
2017).

Considering the large variety of locations these composites are used in, and the
different shapes and scales they need to come in, it is obvious that there must be several
ways to create such parts, which is what I’ll be discussing next.
2.2. Manufacturing of Aerospace Composites
When creating the composite parts for use in aircraft or spacecraft parts, there are
three typical methods used for manufacturing: those being the use of pre-impregnated
fiber tape (prepreg), filament winding, and hand-layups. In large-scale commercial
operation the two most common utilize prepreg and filament winding as these provide the
highest consistency of part quality and can be automated more easily.

6

2.2.1. Pre-Impregnated Fibers (Prepreg)
Pre-impregnated fibers, or prepreg for short, consist of typically unidirectional
fibers (though woven fabrics can also be used) which have the resin system added
through one of two methods, which is then partially cured then kept chilled to prevent
further curing from occurring. The two methods for creating prepreg use either solutiondip or hot-melt systems, with the names describing the method in which the fiber is
impregnated with the resin.
As described by Seferis et al. (2012) the Solution Dip Impregnation process is as
follows: (1)Woven fabric is dipped in resin solution and impregnated due to capillary
forces; (2) Impregnated fabric is run through nip-rollers to control thickness and resin
content; (3) Fabric is run through a drying section to drive out the solvents found in the
resin bath, then run through a cooling unit to stop resin flow; (4) prepreg is combined
with a backing film. The Hot-Melt Impregnation process is similar but done instead with
individual fiber tows and an impregnation roller rather than woven fabric and a resin
bath.
The key reason to use prepreg is due to the added consistency in ply thickness as
compared with hand-layups, and the fact that it can be easily stored on rolls so long as it
is kept refrigerated, which is what was done for this research. Samples can be taken from
the roll when needed for manufacturing of the desired part, where they will be laid into
the shape required and then cured in an autoclave using a combination of temperature and
pressure to fully cure the resin.
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2.2.2. Filament Winding
Looking next at filament winding, this is a technique which is most commonly
used for the manufacturing of cylindrical parts such as fuselage pieces or rocket bodies.

Figure 2.2 Filament winding diagram (Ma, 2019).

In this process, fiber spools are run through a comb to collimate the tows before
then being dipped in resin similar to the hot-melt style of prepreg manufacturing. The
fiber tow then goes through a nip roller to control the thickness before being laid upon the
part which is on a rotating mandrel. By varying the speed of the mandrel and the
movement of the eye, different layup angles can be achieved. The end product will then
be a hollow composite tube which needs to be cured in either an oven or autoclave to
create a completed part.
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2.2.3. Hand-Layup
Lastly, hand-layups of composites are done mostly for parts which are either costinefficient to automate, feature very difficult geometry, or are being used in hobbyist
fields rather than commercial parts. These layups are done using dry-fibers and an
epoxy/hardener system. The fibers are placed and then the epoxy/hardener system is
poured onto the fibers, and this process is repeated layer by layer. As each layer is
impregnated, typically a squeegee of some kind is used to try and evenly distribute the
epoxy and to remove any inconsistencies in the layer. As there is much less guarantee of
uniform thickness using this method, it is mostly used by hobbyists in fields such as
model rocketry, where large rolls of prepreg or filament winding machines are not viable,
especially given that many epoxy/hardener systems can be cured at room-temperature
and so do not require an oven or autoclave to cure.
2.2.4. Autoclave Processing
While there are several ways that composites can be processed, the preferred
method within the aerospace industry is using an autoclave.

Figure 2.3 Composite autoclave ("Riba", n.d.).
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In the industry, autoclaves provide a high level of pressure and temperature
control which allows for the parts being processed to maintain extremely high quality
which is a necessity in creating composite aerospace parts. To accomplish this, a
combination of heating elements and a uniform airflow are used to heat the entire part
consistently throughout the entire cure-cycle. Alongside this, the in-autoclave vacuum
and pressure systems can be used to ensure the part does not deform during cure. These
systems all coupled with computer-based processing control units that allow for
optimally designed cure-cycles lead to the production of the highest quality composite
parts needed in the aerospace field.
2.3. Residual Stress Development and Measurement
Moving into the topic areas which are more focused on my studies now as the
basics have been discussed, I will be reviewing a variety of literature paper-by-paper and
then following it up with brief summaries of the pertinent information useful for my
research. Prior research in our research group is first presented followed by other relevant
research. I will focus first on literature pertaining to the formation and measurement of
residual stresses before moving on to more specific types of composite layups and
geometries such as thin-plies and curved samples.
Chava and Namilae (2020a) presented a novel in-situ experimental approach to
study the formation of defects such as wrinkles and delamination in Carbon Fiber prepreg
laminates during the curing process. This was done using a specially designed autoclave
containing borosilicate glass viewports with an implemented 3D Digital Image
Correlation (DIC) camera setup. Specifically, the VIC-3D Real-Time DIC System made
by Correlated Solutions was utilized. The top layer of the sample is sprayed with a high-
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contrast random speckle pattern, which allows the DIC system to determine the
deformation of the sample throughout the curing process via before and after comparison
of the locations of the specks. Four different laminate configurations were studied, with
the chosen ply orientations being: [90/90]s, [90/0]s, [90/45]s, and [90/-45]s. Furthermore,
to enable the ability to study the formation of defects, a cylindrical rod (one of three
sizes) was attached to the flat plate that the Carbon Fiber plies would be laid upon. This
would create an exaggerated pressure drop that other researchers have observed in L
section tools.
The results of this study showed that during the ramp-up phase of the cure cycle,
there was a high rate of change of strain in the X-direction, a lower Y-direction strain rate
comparatively, and a maximum Z-direction displacement due to thermal expansion of the
plies. In the hold-phase, a low rate of change of strain was observed in the X and Ydirections, and the Z-displacement decreased. Finally, during the cool-down phase, no
change was found in the X-direction strain, the Y-direction strain stayed constant
throughout the phase, and the Z-displacement increased due to thermal relaxation. The
final results showed that the samples with the largest diameter cylindrical rod (and
therefor the largest radius of curvature) faced higher strains in both in-plane directions as
well as higher out of plane displacement. The largest out-of-plane movement was found
in the [90/-45]s orientation due to the mechanical interlocking of the plies.
In another recent publication, Chava and Namilae (2020b) studied the evolution
of residual stresses throughout the cure cycle of several different carbon fiber prepreg
layups using an in-situ DIC monitoring approach. DMA and DSC data was gathered for
the following layups: [0/0]s , [0/90]s , [0/45]s , [45/-45/45/-45], [30/-30/60/-60], and
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[0/30/45/90]. These layups were then analyzed using DIC through the viewports of the
autoclave to measure the strain throughout the cure cycle. Then, using the liberated strain
approach, the residual stresses of each ply (longitudinal and transverse) were calculated.
Of these, the symmetrical [0/90] layup (cross-ply) experienced the highest longitudinal
and transverse stresses of any of the layups, with the second highest values coming from
the balanced [30/-30/60/-60] layup. After removal from the vacuum of the autoclave, the
layups are allowed to relax, causing warpage in the asymmetric layups (cup, bow, and
twist). These values were then tabulated to show that higher residual stresses lead to
relatively higher warpage.
Motagi and Namilae (2021) utilized in-situ DIC analysis to characterize the resin
shrinkage in the manufacturing of a composite part. Resin samples were thermally
analyzed using DSC to determine degree of cure and heat of reaction for the chosen resin
(EPON-862 + DETDA hardener). After this, the in-situ cure shrinkage was measured by
creating a thin sheet of resin which was contained on a tool plate by using sealant tape. A
thin layer of peel ply was laid on top which contained high-contrast speckles which
would allow the DIC to determine the strains developed in the resin throughout the
autoclave cure cycle. The results showed a large amount of strain development in the
initial temperature ramp due to thermal expansion, and then a contraction due to
polymerization shrinkage.
Hallander et al. (2013) studied the mechanisms which cause the development of
wrinkles in forming composite laminates. The parameters which were investigated
included prepreg thickness (0.131mm and 0.262mm), impregnation level (full or normal),
and lay-up { [(45,0,-45,0)n]s and [(90,452,-452,90,02)n]s }. The experiment was
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performed on a spar with a recessed area in one flange, which was created using HDF
(Hot Draped Form). Using micrographs and micro CT, out-of-plane and in-plane
deformations were measured. Results concluded that the lay-up sequence has a strong
impact on the out-of-plane defect behavior in a recessed area, with the lay-up that is more
prone to shear performing better during the forming process without visible defects. The
author also notes that the development of stresses within the recessed area may also
significantly influence the overall forming behavior, but that this is much more difficult
to accurately determine.
Cowley et al. (1997) measured residual stresses within carbon fiber/polymer
composites. Residual stresses arise when the part cools from its fabrication temperature
to room temperature due to the differences in the coefficient of thermal expansion in the
matrix and the fibers. Tests were performed on two different fiber/matrix combinations
(ITA/IM8 and Cyanate/IM8) and compared to values computed using classical
lamination theory. Results initially showed nearly 50% lower residual stresses than found
through the lamination theory formula, but this was determined to be due to relaxation of
the residual stresses during milling. Upon reheating the samples back above their Tg
values in cycles (repeated until constant curvature of the specimen), the values for
residual stress were found to be nearly identical to the lamination theory for the ITA/IM8
combination, and slightly higher than predicted in the Cyanate/IM8 laminate. From this,
it was determined that classical lamination theory can adequately predict residual stresses
in a composite as long as the coefficients of thermal expansion and elastic moduli are
known as functions of temperature.
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Abdel-Raheem et al. (2018) studied the effects of various curing conditions on the
formation of residual stresses in carbon fiber reinforced epoxy composites.
Measurements of residual stress in the fiber direction were made using the Timoshenko
beam bending. It was found that using furnace cooling lead to greater relaxation of
residual stresses than air cooling, higher crosslink density lead to higher residual stresses,
and that increasing the curing temperature increased the residual stresses. Also of note,
there was a strong linear correlation between the residual stress and the thickness
meaning both were similarly affected by various curing factors.
Wenzelburger et al. (2006) compared several different techniques to measure
residual stresses. Mechanical methods are used to measure macroscopic residual stresses
and include techniques such as dissection, hole drilling, and the use of strain gages. The
benefit of these methods is the ability to measure stress/depth dependency, but these
methods also tend to be destructive or quasi-destructive. Diffraction methods measure the
characteristic Bragg angle, which is affected by the formation of residual stresses. The
deformations within the crystal structure can then be used to measure microscopic
residual stresses in a non-destructive way; however, this method lacks the ability to
measure thicker layups (X-Rays can only penetrate to around 30 micrometers max).
Other common methods include acoustic measurement and the Almen test. The authors
tend towards the hole-drilling method as it is cheap, highly flexible in its applications,
and works on complex machine parts.
2.3.1. Curved and L-Shaped Composites
Lu et al. (2008) analyzed the distribution of thermal residual stresses within a
Carbon fiber/PPESK composite. For this paper, the composite model was divided into the
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so-called free end zone and the composite inner zone. Within the composite itself, the
cross section had defined matrix-rich and matrix-starved zones. The matrix-rich zones
had higher contractions, which creates larger radial stress, while the matrix-starved zones
generated higher hoop stress. In the free end zone (located at the ends of the composite),
the matrix contraction is higher leading to larger thermal residual stress than what is
found in the inner zone. Furthermore, it was found that the end zones had the highest
residual stresses at the fiber surface, while in the inner zone the highest residual stresses
were found in the matrix.
Zhang et al. (2019) analyzed the process-induced residual stresses in a thick semicylindrical composite. At the gelation point of their composite, they measured gradient
distributions of both the temperature and degree of cure throughout the structure which
showed the highest temperature and degree of cure on the inside of the composite. In
plotting the stress histories of several nodes, the gelation point was marked and fell in
line with the expectation that the residual stresses would increase after this point due to
the increased stiffness of the composite. Worth noting is that the transverse stresses were
nearly constant over most of the arc length, but drastically increased near the bottom of
the semi-circle. With the combination of this increased stress and the radial stresses in the
90 degree plies, they found that this could be cause for concern with respect to the
formation of defects such as delamination or matrix cracking. Furthermore, as the part
was semi-cylindrical in nature, there was spring-in found on the lower section of the part.
Ersoy et al. (2010) modeled the effects of spring-in for curved thermosetting
composites. The objective was to better predict the amount of deformation caused by
spring-in to save money in manufacturing of curved composites as they are normally
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created through a trial and error method. Measurements were taken from C-shaped
specimens of varying thickness and with cross-ply and unidirectional lay-ups. Results
showed a strong correlation with thicker unidirectional layups (3mm and 4mm) being
nearly identical to the predicted values from the FEA model. For cross-ply layups, the
closest prediction came in the 2mm thick sample, though all values were again close to
that predicted from the FEA model. Of interest was the way in which the residual stresses
formed during the manufacturing of the 2mm and 4mm thick cross-ply laminates. They
showed no significant formation of residual stresses in the 0 degree plies during the first
portion of the model, while the 90 degree plies were nearly identical to the unidirectional
composite with interruptions where the 0 degree plies interfaced with them.
Wisnom et al. (2006) presented experimental results detailing the mechanisms in
which spring-in occurred in curved laminates. 270 degree sections of tube consisting of
AS4/8552 with fibers running in the hoop direction were used as the curved samples.
These were cured using the usual vacuum bagging method, though they were placed
inside an aluminum tube in order to maintain the curvature. At several points throughout
the cure the samples were quenched and the spring-in was measured. It was found that
the spring-in increased until it peaked near the beginning of the high temperature hold
portion of the cure before decreasing to a plateau once vitrification occurred. This is due
to the effect of volume changes above Tg, and the lowest spring-in was defined to occur
when the material vitrifies at the cure temperature. Also of note is that chemical
shrinkage is accountable for nearly 50% of the spring-in found in the curved samples.
Aminanda et al. (2019) measured the spring-back for several different curvature
angles of UD CFRP 4-ply laminates. The angles tested were 30, 45, 90, and 180 (flat
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plate), and plies were layed up in [45/0]s, [45/-45]s, and [0]4s configurations. Results
concluded that curvature has a significant effect when at an acute angle, and when the
curvature is above 90 degrees the sample behaves like that of a flat plate. The created
FEA model showed that the stretching of the 1st ply at the curve was notably different
than at the edges, and that by increasing the CTE at the curve, the overall spring-back
would be reduced.
Takagaki et al. (2017) studied the strain induced in L-shaped and U-shaped
composites during cure as well as distortion after curing is finished. Several variables and
their effects on the process induced strain were observed including the effects of
thickness, flange length, and the overall shape (L or U) of the composite. Results for the
L-shaped composite concluded: Thin L-shaped parts have smaller shear deformation
during the cure cycle, but larger distortion after curing is complete. Shear deformation
during cure is also smaller with long flanges, but long flanges produce more distortion
after cure. It was also found that the L and U-shaped parts do not behave the same during
cure (i.e. their shear deformations are dissimilar), and that the U-shaped parts have larger
distortion after curing.
Liu and Shi (2020) analyzed the viscoelastic effects on residual stresses and
spring-in angles in thin-walled curved composites. A viscoeleastic analytical model was
created which would be compared with both viscoelastic FEA and the analytical CHILE
model. The simulations would then be compared with experimental data. The parts were
cured on the inside of a hoop wound carbon-epoxy tube, with unidirectional [90]ns and
cross-ply [90/0]ns layups used. Results demonstrated that the proposed model could well
predict the viscoelastic effects while being more efficient than typical FEA methods. It
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was found that spring-in angles are closely related to ply-layup and the thickness of the
composite, and that the responses in the spring-in are different for both due to tangential
and radial effects.
Zappino et al. (2020) provided a computational modeling approach to evaluating
the formation of defects and residual stresses in curved composite parts. For this work, an
L-shaped composite panel (90/0/90/0)s was modeled, and run through a simulated curing
process using a pseudo-viscoelastic Cure Hardening Instantaneous Linear Elastic
(CHILE) constitutive model. Results were then compared against other computational
methods to verify the accuracy of the new, more efficient method. The new modeling
approach did provide a reduction in computational cost but proved to be difficult to
program and could only handle simpler configurations.
Cinar et al. (2020) studied how residual stresses affected L-shaped composite
laminates. Tests were performed on L-shaped carbon fiber prepreg laminates which were
cured on a steel tool in an autoclave. Samples were run through a 4-point bending test as
well as approximated through the same test using a Finite Element Model both with and
without residual stresses considered. Experimental results showed that in the
Unidirectional samples, the highest residual stresses occurred in the first ply in the inner
radius, near the mid-section. It was also found that the residual stresses did not affect the
location or type of initial failure as delamination occurred at the same thickness % for
each of the samples regardless of whether residual stress was considered for the UD
samples. In the cross-ply samples matrix tensile failure in the innermost 90 degree plies
was the initial failure point. In these laminates the residual stresses were found to
decrease the load level of this initial failure, but not change its location.
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Roozbehjavan et al. (2014) experimentally studied the distortion of flat, L-shaped,
and U-shaped parts by varying manufacturing parameters such as stacking sequence,
thickness, and tooling material. Results showed that in the flat plate samples, the
distortion after being removed from the tooling plate was mostly due to the stacking
sequence rather than whether the layup was balanced. Thinner parts were also found to
have more distortion than thicker parts. In the L- and U-shaped parts, the asymmetric
unbalanced layup demonstrated the lowest overall spring-in, while the balanced
symmetric had the largest spring-in.
2.3.2. Residual Stress Formation Summary
When creating a Carbon fiber/epoxy composite like those utilized frequently in
the aerospace industry, the composite will at some point undergo a cure-cycle. The curecycle involves bringing the stacked composite up to a high-temperature and holding at
this temperature point for a set time which allows the epoxy to undergo glass
transition/vitrification, as this turns the composite into a solid structure. However, while
raising the temperature as needed, both the fiber and epoxy will want to deform due to
their respective coefficients of thermal expansion (CTE). This induces stress within the
part, as the two components have differing CTE’s meaning they will not deform the same
amount or at the same rate. Once the high-temperature hold cycle is completed, the part
will be cooled back to room temperature, but the stress that develops will remain within,
which reduces the part’s overall load-bearing capability. There is also a certain amount of
residual stress that will build up due to interaction between the part and the tool plate it is
prepared on through a similar process. With this in mind, it is important to try and
minimize the amount of residual stress formed during the curing process.
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2.4. Measurement of Residual Stress
To determine the amount of residual stress formed there are several methods
commonly used in industry, with the most notable being the hole-drilling method. The
hole-drilling method is often used for its overall simplicity and low-cost, though it does
feature some drawbacks. The process involves placing a strain-gage rosette on the part
which is to be investigated, then drilling a small hole in the center of the rosette. By
removing material in the center, the residual stresses will be relaxed in the surrounding
areas, which will cause small deformations which the strain gages will measure. These
results can then be used to determine how much residual stress was in the part prior to
drilling.
Looking at the drawbacks, the most notable are the destructive nature and the lack
of evolutionary information provided. Obviously, as the sample needs to be drilled, it is
unlikely that it can then be used as previously intended and so will need to be scrapped.
The second shortcoming is that this method only provides data regarding the residual
stress left in the part after the cure-cycle has been completed but gives no information
regarding its formation. Without knowing when the stress forms, there is no way to
optimize the cure-cycle in such a way to minimize their formation. This is where a
process such as DIC can be utilized like is done in this research.
2.4.1. Digital Image Correlation
Digital Image Correlation utilizes a two-camera system and a computer to track
miniscule movements in a high-contrast speckle pattern applied to the subject prior to
testing, or in the case of this research, prior to the cure-cycle. The computer breaks down
the speckle pattern into a number of subsets, from which it calculates the respective
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centers of each subset. As the sample deforms, the computer will compare the location of
the deformed subsets’ centers to their initial locations and calculate their displacements
which allows for calculation of strains and thus stresses so long as the material properties
are known.
The main benefits of this process over the more typical hole-drilling method are
that it is non-destructive and that so long as the camera can see the subject, it can study
the evolution of the stresses throughout a given test using timed photo captures. In the
case of this research, the DIC system was utilized through the viewports of the autoclave
and thus allowed for a detailed breakdown of when and where the highest strains
developed throughout the cure-cycle which could be used for optimization in the
industry. Furthermore, due to the two-camera nature of the system used, it is fully
capable of studying parts in 3D, which is necessary given that the parts tested featured
out-of-plane curvatures. Now with the knowledge of what causes the formation of
residual stresses as well as knowing various ways to measure such stresses, it was
important to also focus in on the other portion of this research which was centered on the
effects of ply-thickness.
2.5. Thin-Ply Composites
With two different levels of ply thickness to be tested, it was necessary to
determine what types of differences in properties the thin-ply samples would have as
opposed to the thicker standard plies. The finished part was set up in such a way that both
the thin and thick-ply samples would have roughly the same total thickness to eliminate
that as a variable, as well as to maintain one of the major benefits of thin-plies, which is

21

the ability to add other angles or re-arrange the plies within the stack while maintaining
the same thickness as the part would have using standard plies.
Chava et al. (2021) used an in-situ DIC setup to monitor the formation of residual
stresses in thin-ply carbon fiber prepreg composites. Thin-ply composites offer more
freedom in developing the optimal lay-up for a given situation due to the ability to
contain more orientations in the same thickness as standard thickness plies and have also
been shown to suppress some defects such as delamination in certain loadings. Cures
were performed on both flat and curved tool plates. On the flat plate, the largest
displacement was found to be 3.2 mm at the end of the initial ramp, and the final average
displacement was -0.16 mm. On the curved plate, the max was 3.8 mm again at the end
of the initial ramp, and the final average displacement was 0.49 mm.
Arteiro et al. (2020) reviewed notable differences found in thin-ply polymer
composite materials as compared with their regular-thickness counterparts. It was found
that thin-ply UD specimens demonstrated a nearly 20% increase in strength on average in
longitudinal compression but had nearly no difference in other elastic and strength
properties. The inter-laminar shear strength was also found to be significantly increased
in UD laminates (~30% greater). Furthermore, it was shown that ply-thinness has a
noticeable benefit in preventing the onset and propagation of delamination within
samples.
Yuan et al. (2017) investigated the tensile strength and modes of failure for thin
ply CFRP angle-ply laminates using both an experimental and FEM approach. Three
fiber areal weights (20,60, and 120 g/m^2) and two ply angles (15o, 30o) were tested. In
the 15o angle-ply laminate, all samples failed due to fiber breakage except the 120 g/m^2
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areal weight sample which sustained both fiber breakage and delamination, while in the
300 angle-ply laminate, the samples all failed due to delamination regardless of areal
weight. Furthermore, the ultimate tensile strength and failure strain of each lay-up
([(+α°/−α°)12]s , [(+α°3/−α°3)4]s , [(+α°6/−α°6)2]s – 20,60,120 g/m^2 respectively) did not
follow a monotonic increase with decreasing fiber areal weights.
Amacher et al. (2014) studied the effect of ply thickness on ultimate strength and
damage onset in lamina, laminates, and components. Unnotched tensile tests were
performed on both sublaminar-stacked [45/90/-45/0]10s and ply level stacked [4510/9010/4510/010] composites, and it was shown that the sublaminar stacking had significantly
higher ultimate tensile strength and tensile onset of damage values than the ply level
stacking. Overall results showed that reducing ply thickness can drastically improve firstply/first-damage criteria as well as fatigue life and ultimate strength.
2.5.1. Summary of the Benefits of Thin-Ply Composites
Thin ply laminates were shown to have many benefits compared to thicker-plies.
These included increased strength in longitudinal compression, suppression of defects
such as delamination, and also the added benefit of being able to add more angles to a
lay-up while maintaining the same overall part thickness which can allow for more
optimal designs. Where necessary, it was found that using sub-laminar stacking offered
higher ultimate tensile strength and tensile onset of damage compared to ply-level
stacking.
2.6. Process Modelling of Composite Curing
Computational modelling of cure-processes summarized in this section could be
used to compare the experimental results with analytical representations. Sunderland et
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al. (2001) numerically predicted the residual stresses formed during the processing of
thermoplastic matrix composites. This was accomplished through development of a
numerical solving program, ANVIS which was based on finite element analysis. Tests
were performed on unidirectional and cross-ply laminates, and both balanced and
unbalanced cooling profiles were used. Results showed that, in the cross-ply laminates,
residual stresses had a larger impact on warping than other stresses caused by the cooling
profile.
Nelson et al. (2018) looked to determine an efficient method for simulating
residual stresses in composite parts. Physical tests were performed on both a flat plate
and a cylinder, with each featuring a carbon fiber/epoxy composite and aluminum alloy.
Data from the physical experimentation was compared against the predictions from
Sandia National Laboratories’ SIERRA code, Adagio. Results showed that the simulation
provided accurate predictions as long as the code was provided with approximated
material property data.
Patil et al. (2019) utilized ACCS to predict the dimensional changes that come
about in composite parts during the curing process. An L-shaped plate was used as the
model for the geometry, and the selected material was Hexcel AS4-8552 unidirectional
prepreg. Studied variables included thickness, part width, flange length, and single-hold
vs. two-hold cure cycle. Results showed that ACCS was able to provide more accurate
results than typical analytical approaches, even for more complex parts. ACCS also
provides the added ability of using the deformed model for more analysis within ANSYS.
Kumbhare et al. (“Analysis of Composite”) analyzed the shape deformations and
shear stresses of composite parts during their curing process using ACCS. For this work,
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an L shaped plate was modeled, and various layups were made within the ACP software.
Furthermore, both a single and double hold cure cycle were tested for each of the layups.
Results concluded that the single hold cycle caused more deformation than the double
hold, and that of all the tested lay-ups, the [0/0/45]s and [0/-45/0]s layup sequences had
the most optimized results. This data was also found to be in agreement with the author’s
empirical case study.
Stair and Jack (2017) compared experimental and FEA modeled results for the
cure induced curvature of carbon fiber laminates. The FEA software COMSOL
Multiphysics was used which performed a thermal-structural analysis on a 6-ply carbon
fiber/resin sample with layup orientation of [90/90/90/0/0/0]T. Boundary conditions were
set as “equivalent to the sample sitting on a frictionless tabletop”, such that all surfaces
can freely deform, though 3 of the corners were given restrictions to their movements in
certain directions, and quad elements were used for the mesh. The thermal portion is
taken as just the cooldown of the cure cycle. Results showed the overall error between the
FEA and experimental models to be around 5-6%.
The analytical studies reviewed demonstrated that analytical modelling of cure
processes could be achieved with success, and that the results were often in strong
agreement with the researchers’ experimental findings. A wide variety of software was
used, such as ANSYS (with the ACCS package), ANVIS (a numerical solving program
created by the authors), Sandia National Laboratories’ SIERRA (Adagio), and COMSOL
Multiphysics. These investigations focused on several different aspects for agreement
with physical findings, with variables such as single vs. double hold cure cycle,
comparison of cure-induced curvature, and variations in geometry of L-shaped parts.
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2.7. Summary
Current literature covers an array of subject matters surrounding residual stress
formation, but there are still gaps in the knowledge that can be filled. Namely, while there
are a plethora of studies on the residual stress which develops in a part throughout the
curing process, very few do so using an in-situ investigation technique. Pair this with the
limited research into curved composite residual stresses, and there arises a clear problem
area which has not been researched. In essence, this thesis work aims to discover the
interaction between part curvature and the evolution of residual stress using in-situ DIC
analysis, and then further study how ply-thickness affects these interactions to further the
knowledge of this problem in the literature.
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3. Experimental Methodology
Here I will be presenting the approach which I took to achieve the thesis
objectives, as well as detail the procedure used in performing the experiments. After
breaking down the procedure for each of the experiments, the materials and equipment
necessary to complete the tests will be discussed with emphasis on the specialty
equipment’s use in enabling this research.
3.1. Research Approach
The objective of this research was to observe what effect part curvature would
have on the formation of residual stresses in carbon fiber prepreg composites. The
approach is based on in-situ DIC monitoring to measure the evolution of strains which
formed during the curing of the prepreg composite. This could be done using the
specially designed autoclave present in Embry-Riddle Aeronautical University’s
Micaplex Research Center, which features 2 borosilicate viewports. Due to the presence
of the viewports, the DIC system could be setup outside of the autoclave where it would
be safe, but still measure the miniscule movements of the sample which occur during the
curing process. The strains that are measured could then be converted to stresses using
the liberated strain approach.
3.2. Materials and Equipment
In setting up and running these experiments, there were many necessary materials
and pieces of equipment needed. As all the layups were done by hand and performed oneby-one, many of the materials were cut to size from larger rolls such as the breather,
vacuum bagging, and the prepreg itself. Other materials shown will mostly be the tools
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necessary to cut these items to size or to physically enable the plies to be laid upon the
tool plate.
3.2.1. Material Breakdown
The following figure presents all the tools and materials utilized in preparing the
experiment

Figure 3.1 Numbered materials for sample preparation: (1) Fibrelease, (2) White spray
paint, (3) Sealant tape, (4) Vacuum bag, (5) Tool plate, (6) 6 in. by 4 in. prepreg sample,
(7) Sharpie, (8) Roller, (9) Vacuum probes, (10) Tweezers, (11) Scissors, (12) Paintbrush,
(13) Electric cutters, (14) Hobby knife.
These materials were used throughout the preparation of each day’s experiment,
and I will now briefly break down their usage. Fibrelease is a chemical which is painted
on to the tool plate using the picture paintbrush which will prevent the prepreg from
curing onto the plate, which would make it unremovable. The white spray paint primer
was the method of choice for applying the randomized high contrast speckle pattern
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necessary for the DIC analysis. The sealant tape and vacuum bagging are used to create a
vacuum seal on the prepreg during the cure cycle, and the pictured probes are how the
vacuum will be pulled by the autoclave. This vacuum serves to prevent any movement of
the lay-up throughout the cycle. Lastly, the remaining tools are used in cutting the
bagging to size, peeling the plies off their backings, and for ensuring a tight seal in the
vacuum bagging (roller).
3.2.2. Lab Equipment
Looking next at the lab equipment, there were two key instruments: the autoclave
and the DIC system.

Figure 3.2 ASC Autoclave found in ERAU's Micaplex.

The autoclave is a high-temperature and high-pressure autoclave made by ASC
systems. This autoclave is special in that it has two borosilicate viewports which allow
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for visibility of the sample all throughout its cure cycle. For this research, this is a key
element as without it the DIC cameras would need to somehow be implemented within
the high temperature environment, which would likely cause damage to their electronics,
and they would also need to be wired out to the DIC computer which controls the timed
capture. The autoclave also features a very intuitive programmable logic controller (PLC)
used to write cure recipes and observe real-time status of the experimental runs.

Figure 3.3 Correlated Solutions DIC system set-up to look through the autoclave viewport.

The DIC system was procured from Correlated Solutions and features two 6Megapixel monochromatic cameras mounted on a tripod which has a full range of motion
as well as software to control the timed photo captures (VIC-Snap) and to analyze the
photos taken (VIC-3D). To make this system work, the subject that is being studied must
first have a high contrast speckle pattern applied, and a calibration must be performed for
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the camera software to know where the cameras are in space. The cameras will then
intermittently take photos based on the pre-defined capture rate and the motion of these
speckles will be monitored from picture to picture. By analyzing the miniscule
movements of the speckles from picture to picture, the strains can then be determined
which can later be used to calculate stresses.
3.3. Procedure
In completing this research, the following procedure was utilized as detailed with
little variation from test to test regardless of which type of plate (flat or curved) or lay-up
was being tested.

Figure 3.4 Curved and flat plate used in this research.

To begin, the materials which required preparation (vacuum bagging, breather,
tool plate, etc.) were gathered. For the vacuum bagging and breather, this was simply just
cutting the correct sized squares off of the rolls, and for the tool plate this involved
sanding and cleaning the plate to remove previous Fibrelease and other contaminants
which may impact the results. Once these were acquired, next the necessary tools and
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other materials were set out on one of the lab tables where the sample would be prepared
prior to being put in the autoclave.

Figure 3.5 Calibration tile as seen through the autoclave viewport.

After getting the sample prep station prepared, the next focus was on calibrating
the DIC system using the 7mm calibration tile provided by Correlated Solutions. This
calibration is what allows for accurate strain measurements through the autoclave
viewport and so it was necessary to achieve a good calibration. This meant that often
several calibrations would be run with slight adjustments to the camera’s lenses to
achieve the best accuracy within the VIC-3D software.
Upon completion of the calibration process, the sample could then be prepared.
Prior to beginning with the prepreg itself, the tool plate was prepped with Fibrelease and
sealant tape, which serve to prevent the prepreg from curing to the plate and as the
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attachment point for the vacuum bagging respectively. Next, what would become the
topmost layer of the lay-up was removed from the freezer first to apply the high-contrast
speckle pattern required to use the DIC system. It was necessary to do this first to allow
time for the speckles to dry so they would not come off or smear on the vacuum bag.
After applying the speckles the remaining layers were removed from the freezer and laid
up onto the tool plate according to whichever lay-up orientation was going to be tested.
Here was also the only notable variation across the testing procedure, as with the thinexperiments that were run featured more layers (12 vs. 4), these were removed from the
freezer in groups of 4 rather than all at once. This was to preserve the samples’ integrity
whilst removing them from the backing material. As they stayed out of the freezer for
longer periods of time, they became very difficult to separate from the backing without
damage occurring (rips/wrinkles). To circumvent this, they were taken out in these
smaller groups which meant they stayed intact and thus would provide good data.

Figure 3.6 A completed layup prior to being placed into the autoclave.
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After the lay-up was completed, the breather squares and the bottoms of the
vacuum probes were placed on the plate, then the whole thing was covered in the vacuum
bag, ensuring there were no wrinkles or gaps where air would escape once under the
autoclave’s vacuum. The last step prior to being placed in the autoclave was to then trim
any extra bagging off the edges, and to attach the tops of the vacuum probes.
The sample was then transported to the autoclave, where it was connected into the
vacuum lines. The vacuum pump was started to ensure there were no leaks, then the
sample was lined up with the viewing area of the DIC cameras using the live feed from
the cameras. Once everything looked good, the autoclave was shut and locked, and the
cure itself as well as the timed image capture for the DIC were started simultaneously.
For these experiments, the cure cycle consisted of two-holds, one low-temperature and
one high-temperature and lasted three hours and forty minutes total on average. This
cycle is presented in detail below in Figure 3.6 and will also be shown within the residual
strain plots in Chapter 4.

Figure 3.7 Autoclave cure cycle.
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Within this cure cycle, there are two separate ramps as well as two hold sections.
The first ramp takes the autoclave up from the ambient lab temperature to 80°C at a rate
of 5°C/min, which is then held for 30 minutes. After this hold is completed, the second
ramp begins which will take the sample up to 130°C where the sample will undergo most
of its curing. This second ramp is done slower (2°C/min) as it was found that quick ramps
lead to a distinct bubbling issue arising in the sample when going to the high temperature
section, which will discussed in more detail in Chapter 4. Once the part reaches 130°C, it
is held there for 2 hours before the autoclave then begins cooling down. Upon reaching
an internal temperature of 50°C, the autoclave would end its run. At this time, the timed
capture was stopped, and the sample was removed from the autoclave using a
temperature-resistant glove and then later taken off the tool plate. Looking next at the
post-cure procedure, the pictures from the timed capture were imported into VIC-3D,
where they were analyzed to determine the strains which developed throughout the cure
cycle. These results were then exported into Excel where each group of tests could be
organized to then be used in a MATLAB code to calculate the residual stresses.
3.4. Thermal Characterization
Alongside the usual experimental procedure discussed above, there were a couple
of other procedures that were followed to gather the necessary temperature-dependent
data necessary to ensure proper curing and for later calculation of residual stress. I will
begin first with the procedure for performing the tests needed to determine degree of cure
using the Differential Scanning Calorimeter (DSC), and then follow-up with the process
for completing the Dynamic Mechanical Analysis (DMA) which was used to find the
temperature dependent moduli needed for calculating the residual stresses.
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3.4.1. Differential Scanning Calorimetry Procedure
Due to bubble formation during curing (discussed in Chapter 4 Section 1), it was
necessary to adjust the manufacturer recommended cure cycle for the prepreg used for
this study. Differential Scanning Calorimetry was used to identify a new lower
temperature cure cycle that would still cure the samples to an acceptable degree.
DSC works by simultaneously heating a small sample of the epoxy (or other
polymer to be tested) and an empty reference pan at the same rate. While the two pans
will be heated at the same rate, the heater for each pan will output different levels of heat
to account for the two pans having different materials inside to keep their temperatures
the exact same. The difference in applied heat is found by the DSC software, and the
result is a plot of the heat flux versus temperature or time, and in this study this plot will
be shown as the dynamic DSC test. Alongside this dynamic test, an isothermal test is run
where the sample follows the actual cure cycle. By taking the normalized integral of the
peak found in the dynamic test and the portion of the isothermal test where the heat flux
begins increasing again, it is possible to determine the degree of cure as will be shown in
Chapter 4. This process was iterated a few times with changes made to the peak
temperature of the cure cycle which was held and for how long it was held until a
sufficient degree of cure was obtained.
3.4.2. Dynamic Mechanical Analysis Procedure
Looking next at the DMA process, this was used to determine the temperaturedependent moduli for the samples. The DMA was set-up to perform a 3-point bending
test while undergoing a temperature sweep up to the temperature that would be used for
curing. During the temperature sweep, the DMA applies an oscillatory load and measures
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the changes in the sample’s stiffness and damping, which is used by the software to
calculate various modulus information, though my specific focus was on the storage
modulus of the values calculated. While the storage modulus is similar in concept to the
Young’s modulus, their values are not usually identical; however, if the DMA
experiment is set-up in such a way as was done in this research, the two values will be in
strong agreement, and thus it was taken to be an accurate representation of the Young’s
modulus for use in calculating the residual stresses. For this, the maximum sample strain
was set to 1% and the oscillations were at the lowest frequency. This leaves the sample
within the linear viscoelastic region where the deformations caused by the loadings will
still be linear, resulting in the calculated storage modulus being very similar to the
expected Young’s modulus.
With the basics of DMA now described, I’m going to briefly describe the sample
creation procedure. Layups were made using the same prepreg that was used in the
regular experimentation, but here the plies were laid such that all layers were either 0degrees or 90-degrees and used the same total number of plies as the respective
thick/thin-ply tests (4 layers for thick-ply, 12 layers for thin-ply). These samples were
cured using the same cycle, but peel-ply and breather were placed on top of the sample
prior to vacuum-bagging as it was undesirable to have the bagging attached to the sample
for the DMA testing, and this would allow just the prepreg sample to be studied. After
curing was complete, the main sample was measured and cut down to the appropriate size
for use in the DMA, with the different lay-ups being used for the E1 or E2 determination.
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Figure 3.8 PerkinElmer DMA 8000 used in this study (“DMA 8000”).

After cutting the samples to size, they were placed in the 3-point bending clamps
in the DMA, and the machine was setup using the Pyris software on the attached
computer to run a temperature sweep test. The temperature sweep ran from 30°C to
200°C at a rate of 1°C/min, before then cooling back down. This provides data on how
the moduli change as the temperature increases similar to how it would within the
autoclave, which is important in correctly calculating the residual stresses.
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4. Results and Discussions
The first step in developing the experimental procedure used to measure the
residual strains was to determine a cure cycle which would fully cure the Carbon fiber
prepreg. To accomplish this, dynamic and isothermal DSC testing was performed on
small samples taken from the prepreg.
4.1. Differential Scanning Calorimetry (DSC)
As mentioned above, there was initially an issue which prevented the use of the
manufacturer recommended cure profile, and so some modifications needed to be made
while still maintaining a proper level of curing in the samples. I will first detail the
problem, then discuss how DSC was utilized to fix the problem through the creation of a
new cure profile.
4.1.1. Sample Bubbling
Upon running the first few tests using the cure cycle provided by the
manufacturer of the prepreg, there was a distinct bubbling issue which arose on the
surface of the vacuum bagging which interfered with the DIC usage by causing increased
strains and reflection issues due to the autoclave light. One such sample can be seen in
Figure 4.1, which features very noticeable raised sections along the top layer. Of note,
this “bubbling” was not the vacuum bag shifting due to low vacuum pressure or any other
similar vacuum-related problem. Several tests were run using the same cure cycle but
with varying levels of applied vacuum to rule out it being the cause, but no matter the
level of vacuum applied the issue still arose, and that was when I also noticed the
“bubbles” were hard, and not empty void-space (as would be the case if the bagging were
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bunching up). Bearing this in mind I tried several different cure cycles on the autoclave
by altering specific portions of the test to try and narrow down the problem.

Figure 4.1 Bubbling/wrinkling in the top layer of an early sample.
The cure cycle that was recommended by the manufacturer was a two-hold cycle,
with an initial hold at 80°C followed by a ramp up to 140°C which was to be held for 1hour prior to cooling down, and no details were provided regarding the ramp rates, so
they were initially not set allowing for the autoclave to do it as fast as it could manage.
After multiple attempts to ensure this issue was not simply due to a faulty process, it
became apparent that the bubbling was related to the cure-cycle.
First, I tried to simply lower the temperature during the high-temperature hold to
determine if it was due to the heat causing the epoxy to bubble upwards. In decreasing
this temperature to 120°C, the sample did have a noticeable decrease in the amount of
bubbles which formed, but they were still apparent. While decreasing the temperature to
120°C did reduce the bubbles, it also required far more time per test in order to achieve a
sufficient cure. DSC was used to analyze the necessary changes to the cure cycle. In
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Figure 4.2 is the isothermal test for the sample cured at 120°C peak for one hour which
only showed a degree of cure of ~87%, which was far off the mark of at least 95%
deemed acceptable. Even with 30-minute increases in hold time (up to 3 hours), it still
did not reach the 95% mark, and it was going to take exponentially longer to physically
run and analyze the tests using such a long high-temperature hold. Based on this the
temperature was increased to 130°C, which still showed a reduction in bubbling on par
with the 120°C test, but that would not take nearly as long to run.

Figure 4.2 Isothermal DSC test for a 120°C peak held for 1 hour.

With the bubbling reduced, but not fully gone, the next course of action was to try
and set temperature ramp rates to see if it was due to the change in temperature being too
abrupt. Initially the rates were not set which meant the autoclave would heat as fast as it
could, which was great for saving time, but often lead to a sizeable overshoot on the hold
temperatures. In the first variation from this, the ramp rate was set to 5°C/min for both
ramps and this did cause a noticeable decrease in the bubbles with very few left as
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compared with the initial cure-cycle. One last change was made, in which I further
reduced just the ramp leading up to the high-temperature hold down to 2°C/min and this
all but eliminated the problem completely. Any bubbles which did appear were usually
small and typically only appeared in experiments where the vacuum pressure was not
held as consistently due to small leakages in the sealant tape. With this knowledge
gained, it was important to make sure that the combination of the reduced ramp rate and
high-temperature hold together would be sufficient to properly cure the sample, and after
a few tweaks to the length of the high-temperature hold, it was found to work.

Figure 4.3 Dynamic DSC test results.

Figure 4.4 Isothermal DSC test results.

42

Taking the normalized integrals of the relevant sections on each output allows for
the calculation of the degree of cure, α(t):
𝛼(𝑡) =

∆𝐻𝑇 − ∆𝐻𝑅 371.73 − 16.83
=
= 0.9547 = 95.47%
∆𝐻𝑅
371.73

(4.1)

While not 100%, further adding time to the high-temperature hold section resulted in
minimal return in the degree of cure whilst greatly increasing the overall run time for
each experiment and thus each analysis. For this reason, it was deemed acceptable to
proceed with this cure cycle as it would still be providing a nearly full crosslink network
formation. This finalized cure cycle can be seen in the strain plots in the next section and
was previously shown in Figure 3.7.
4.2. Strain Evolution
Beginning with the residual strains, these were found directly from the DIC
analysis done in VIC-3D and are the primary results which will later be used to calculate
the residual stresses. These will be discussed in the order which the experiments were
performed, and so will begin with the thicker ply lay-ups. Furthermore, the strain results
for each of the layups will proceed in order of the plate type which they were cured on,
this being flat, convex, then concave for all trials. Each set of plots contains the data for
both εxx and εyy as was found from VIC-3D’s strain calculations, which were then plotted
in MATLAB for visual clarity.
4.2.1. [0/90]s Layup
Looking at the residual strains for each of the different tool plate geometries for
the [0/90]s layup experiments in Figures 4.5 – 4.7, we see the following results.
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Figure 4.5 [0/90]s flat plate residual strains.

Figure 4.6 [0/90]s convex plate residual strains.
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Figure 4.7 [0/90]s concave plate residual strains.

In studying the results of each of the experiments, there is a strong correlation
between the cure profile and the level of the strain which develops. Specifically, it is
noticeable that the strain initially increases during the ramp up to the low temperature
hold, then once in the low temperature hold the strain generally remains the same. This
then repeats with an increase in strain while ramping up in temperature and then another
period of mostly constant strain levels throughout the high temperature hold. The
standout which does not follow this same trend is in the x-direction strains for the
concave plate. Notably, this could be due to small shifts in the setting of the plate due to
the experimental set-up along with a reflective glare which appears specifically on the 0degree ply on top. To keep the plate steady against the air movement within the autoclave
as well as motion due to the torsional effect of the vacuum probe mounting (tendency to
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rotate the plate due to the hosing), the plate needed to be fixed to the base of the
autoclave using sealant tape. It is possible that while the temperature changed throughout
the cycle, the sealant tape which was used to affix the tool plate to the base may have
deformed slightly allowing the plate to tilt. This slight tilt then brings the reflective glare
over previously visible areas which can cause incorrect measurement in these areas. The
combination of these two can thus likely be deemed the root of the odd shape which
appears in the x-direction plot.
Focusing on the differences amongst the graphs showing similar trends, there is a
distinct increase in the strains which developed in the curved tool plates as compared to
the flat plate in both the x and y-directions. This is most likely due to the generation of
epoxy-rich and epoxy-starved zones due to the geometries of the tool plate during the
cure cycle. As the autoclave heats up and the epoxy enters into a flowable state, it will
flow towards the low points of the plate which will either be on the outer edges (convex)
or in the center (concave). Due to this flow, it is expected that the x-direction strains
would show an increase in the curved plates.
For the y-direction strains there is also an increase, which is attributable to the
same epoxy flow as mentioned above. The areas of large y-strains tend to be in line with
the vacuum probes. Given that the epoxy will tend to pool in the low areas there will also
be more motion in the y-direction as these pools are pulled towards the top of the samples
where the vacuum probes are located.
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4.2.2. [45/-45]2 Layup
Looking next at the thick-ply asymmetric layup residual strains:

Figure 4.8 [45/-45]2 flat plate residual strains.

Figure 4.9 [45/-45]2 convex plate residual strains.
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Figure 4.10 [45/-45]2 concave plate residual strains.

In the asymmetric layup, the same trend which appeared in the symmetric layup is
once again present, with the strains following a similar shape as the cure profile. More
notably, within these tests when considering the error bars, the values of the strains are
much more similar to one another than they were in the symmetric tests.
This difference is likely attributable to the natural development of curvature in
this asymmetric layup as opposed to the [0/90] cross-ply layup used in the first set of
experiments. As this layup would generate a curvature on its own even on a flat plate due
to its ABD matrix, the addition of curvature did not cause as much of an impact as it did
on the cross-ply samples. There was also a noticeable difference in the difficulty of
making the layup on the curved plates. When creating the thicker-ply cross-ply laminates
used in this research, it was much more difficult to get the 0-degree plies to form to the
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plate when laying the plies-they would often peel up from the low points to return to their
initial flat shape. This same difficulty was not had with the 45-degree plies as they laid
very easily onto the plates regardless of geometry.
As compared with the overall strain developments in the [0/90]s tests, only the flat
plate [45/-45]2 experiment produced a higher strain of the asymmetric tests while the
others were both lower. This is likely due to the aforementioned development of
curvature for the asymmetric test as opposed to the cross-ply experiment.
4.2.3. [0/90]3s Thin-Ply Layup
As it was also desired to see how ply-thickness would change the effects brought
on by part curvature, thin-ply layups were used with the same angles but with more plies
to come closer to the same total thickness as the thicker ply tests. Furthermore, as it was
shown that sublaminar stacking performed significantly better than ply-level stacking
(Amacher, 2014), it was decided to use this type of stacking in both thin-ply layups.

Figure 4.11 [0/90]3s flat plate residual strains.
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Figure 4.12 [0/90]3s convex plate residual strains.

Figure 4.13 [0/90]3s concave plate residual strains.
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In these experiments, the results showed a slightly different trend compared to the
cross-ply tests done with the thick-ply prepreg. The shape of the graphs are largely the
same as they also tend to follow the cure profile, however the notable difference is that
the convex plate generates less peak residual strain than the flat plate in both the x and ydirection, but ends with a similar final residual strain in the x-direction as the flat plate.
Regarding the y-strains, the difference between them is small and when considering the
discrepancies from test to test represented in the error bars, it’s possible these differences
simply came from condition differences on the day. It was around this time when the
autoclave’s coolant water was replaced with clean water, which alsocould have caused
better temperature management by the autoclave’s computer. The rest of the results are
similar, with the concave finishing again with a higher residual strain than the flat plate.
4.2.4. [45/-45]6 Thin-Ply Layup
Lastly, the thin-ply asymmetric layups:

Figure 4.14 [45/-45]6 flat plate residual strains.
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Figure 4.15 [45/-45]6 convex plate residual strains.

Figure 4.16 [45/-45]6 concave plate residual strains.
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Once again, the trend which appeared in the thick-ply asymmetric tests has also
shown up here. The values of the strains developed are all nearly identical based on the
average of the tests for both the x and y-directions. This again is likely due to the same
reasons outlined in section 4.2.2.
4.2.5. Comparison of Strain Contours by Plate Geometry
With the addition of part curvature, it was expected that the resin would flow
from the high points of the geometry to the low points causing the formation of matrixrich and matrix-starved areas. Due to this flow, it was likely that there would be higher
strain in the matrix-rich areas, and so the contour plots of several samples were analyzed
to determine if this was the case.

Figure 4.17 Concave sample εxx contour plot.
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Figure 4.18 Convex sample εxx contour plot.

In these two plots, the red areas are those which are experiencing the highest
strain. Looking at these areas, they fall right into the places which are expected based on
the flow of the matrix due to a combination of the plate geometry and the location of the
vacuum probes. For the concave sample, the area which has the highest strain is found in
the middle (the lowest point) and towards the upper section of the sample, which is where
the vacuum is pulling from. The difference is fairly significant as well, with the upper
portion being an entire order of magnitude higher in strain than the sides of the sample.
A similar trend is found in the convex plate, though in this case the higher strains
are on the outer edge and towards the top as that is where the matrix would tend to flow.
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Also of note, is that here the strains around the center portion are closer to the middle of
the scale rather than the bottom like was found in the concave sample. This difference is
likely due to how much matrix would theoretically build up on each edge of the convex
sample as opposed to what would build up in the middle of the concave sample. In the
convex sample, the matrix has two sides to flow to from the center high point, whereas in
the concave both outer edges would flow towards the center.
4.3. Residual Stresses Analysis
Taking the strain results gathered from the DIC analysis, it is now required to
convert these strains into stresses. This was done using a MATLAB code which uses the
liberated strain approach to calculate the residual stress per ply-angle. Essentially, singleply 0-degree samples were cured using the same procedure as the standard tests with DIC
analysis to determine the thermal residual stress, which could then be subtracted from the
total to focus solely on the mechanical residual stresses. To calculate the thermal residual
stress based on the DIC results, the coefficient of thermal expansion was found using the
experimental data and was then multiplied by the change in temperature brought about in
the cure cycle. This resulted in three different values, one for each type of plate curvature,
to be subtracted from the total stress. Another set of three values were similarly obtained
for the thin-ply experiments. Furthermore, these residual stress plots were focused only
on the time following the beginning of the high-temperature hold through to the final
cooldown, as this is the period which would see the most development of residual stress.
4.3.1. Dynamic Mechanical Analysis (DMA)
An important component in calculating the residual stresses is the temperaturedependent Young’s Modulus in both the fiber direction (E1) and the transverse direction
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(E2). To find this data, DMA tests were run on samples consisting of solely 0-degree or
90-degree plies depending on which value was to be found in the process listed in
Chapter 3.
4.3.1.1. Thick-Ply Storage Moduli
Beginning with the all 0-degree layup made of the thicker plies, the storage
modulus found here was used as E1 for all of the thick-ply tests.

Storage Modulus (E1, Thick-Ply)
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Figure 4.19 Thick-ply storage modulus results for [0]4 layup.

Here it is visible that there is a slight decrease in the modulus as the temperature
increases, as it is around 124 GPa at room temperature and decreases to roughly 122 GPa
at the highest temperature that the autoclave would hit during the standard cure. For this
portion, it was possible to compare the result for agreement with the manufacturer
specifications, which showed a tensile modulus of 130 GPa for this specific prepreg.
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Given some of the manufacturing conditions were sub-optimal, such as the sample being
cut with a table saw instead of a water-jet cutter and any inconsistencies in the lay-up
itself, the small decrease shown in the modulus from the DMA is reasonable, and furthers
the idea that the storage modulus can be an accurate representation of the Young’s
modulus under certain conditions.
Looking next at the [90]4 sample, this was tested to determine E2 for the thick-ply
prepreg. The test run was the same apart from the lay-up, and the results can be seen in
Figure 4.16.
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Figure 4.20 Thick-ply storage modulus results for [90]4 layup.

For this test, it is apparent that the storage modulus for the [90]4 sample is
distinctly lower as is expected and there is also a more noticeable decrease during the
temperature ramp, going from 12 GPa to 6 GPa as the temperature hits the highest point.
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Once again, as with the E1 modulus from above, this storage modulus was taken as being
a sufficiently accurate representation of the corresponding Young’s modulus.
4.3.1.2. Thin-Ply Storage Moduli
Initially the goal was to complete similar tests as above but utilizing 12-layer thin
ply samples of all 0-degree or all 90-degree plies; however, an issue with the DMA 8000
arose resulting in it needing repair work at the time where the tests were needing run. As
this was unfortunately the case, the moduli for the thin-ply samples had to instead be
appropriately scaled based on the thick-ply tests and the manufacturer specifications.
To do this, the storage modulus throughout the thick-ply E1 DMA test was
compared with the manufacturer described tensile modulus for the prepreg, resulting in a
relation of each temperature’s modulus as a percentage of the room temperature tensile
modulus. These percentages were then multiplied by the thin-ply prepreg’s tensile
modulus to find the equivalent temperature dependent E1 data for the thin-ply specimens.
The relation between the two sets of E1 values was then found and used to determine the
thin-ply E2 data points. With that completed, the necessary temperature-dependent data
had been found and so it was possible to continue with the calculation of the residual
stresses.
4.3.2. Residual Stress Formulation
I will now detail the calculation process which is done using MATLAB to
calculate the residual stress in each ply based on the ply angle. To begin, there are a total
of 18 variables which will be imported into the script, with 16 of those coming from the
experimental results: the strains of each layup found earlier as well as the unidirectional
single-ply strains, the time of each data point, the temperature, and the moduli found
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from the DMA testing. The remaining 2 variables are the Poisson’s ratio and the in-plane
sheer modulus, which are normally provided by the manufacturer.
The first step then is to provide the script with how many plies are in the layup
and what each of their angles are. This information is then used to calculate the Q, S, and
coordinate transformation (T) matrices as follows using Classical Lamination Theory
(CLT):
1
𝐸1
−𝜈12
[𝑆] =
𝐸1
[ 0

−𝜈12
𝐸1
1
𝐸2
0

0
0

(4.2)

1
𝐺12]

Using the above compliance matrix, [S], the stiffness matrix is then found by
simply inverting:
[𝑄] = [𝑆]−1

(4.3)

Lastly, the coordinate transformation is found:
𝑐𝑜𝑠 2 𝜃
[𝑇] = [ 𝑠𝑖𝑛2 𝜃
−𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

𝑠𝑖𝑛2 𝜃
𝑐𝑜𝑠 2 𝜃
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃

2𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃
−2𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃 ]
𝑐𝑜𝑠 2 𝜃 − 𝑠𝑖𝑛2 𝜃

(4.4)

Due to the fact that E1 and E2 change with temperature as was demonstrated
through the DMA results, it will be necessary to calculate [Q] and [S] at every point that
will be plotted, but the transformation matrix will only need to be calculated once per
each angle found in the layup. Next, the strains are transformed using the [T] matrix
which puts them into the Principle Material Direction (PMD) coordinate system as
desired for this study.
𝜀𝑥
𝜀1
𝜀
{ 𝜀2 } = [𝑇] { 𝑦 }
𝛾𝑥𝑦
𝛾12

(4.5)
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Now, the strains which have been obtained are the total strains, meaning both the
mechanical and thermal components are included. As the focus of this research is on
what effect the addition of curvature has on the residual stress formation, only the
mechanical portion of the residual stresses are desired for study, and thus the thermal
component must be calculated and removed which is where the unidirectional results are
utilized. By plotting the strains of these tests, it is possible to determine the coefficient of
thermal expansion, α, by finding the slope of each strain plot during the heating-up
portion prior to the high temperature hold. By multiplying this value with the change in
temperature, it is possible to determine the thermal component of the residual stress, and
by subtracting this from the total found above, only the mechanical portion is retained.
𝜀1
𝜀1
𝛼1 Δ𝑇
𝜀
𝜀
{ 2 } = { 2 } − { 𝛼2 Δ𝑇 }
𝛾12 𝑀
𝛾12 𝑇
𝛼12 Δ𝑇

(4.6)

Lastly, these mechanical strains were converted into stresses by multiplying by
the stiffness matrix (ignoring the shear component, as only the x and y- residual stresses
were studied):
𝜎1
𝑄
{𝜎 } = [ 11
𝑄12
2

𝑄12 𝜀1
]{ }
𝑄22 𝜀2 𝑀

(4.7)

These calculations were performed at each data point 3 times, one for each test,
with the average taken to find the main plot line. Error bars shown on each plot represent
the standard deviation at each point, the formula for which is:
∑(𝑥𝑖 − 𝜇)2
𝑆𝐷 = √
𝑁

(4.8)

Where SD is the standard deviation of the population, N is the population size, xi
is each value of the population, and μ is the population mean.
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4.3.3. [0/90]s Layup
Looking first at the thick-ply [0/90]s tests:

Figure 4.21 [0/90]s flat plate residual stresses.

Figure 4.22 [0/90]s convex plate residual stresses.
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Figure 4.23 [0/90]s concave plate residual stresses.

Similar to what occurred in the strain graphs, the curved plates did show a larger
residual stress development by the end of the cycle as compared to the flat plate. Of note,
the plots do tend to follow a similar trend to the ending portions of the strain plots, with a
slight decrease in the stress level near the end, except for the concave plots, which had an
increase that coincides with the sharp increase near the end of its respective strain plot.
The respective results for each of these experiments are logical, though the concave plate
longitudinal stress in the 0-degree ply is overly high, likely due to a lighting issue that
arose on this particular experimental setup. Due to the autoclave light location, large
portions of this sample had glare which interfered with the DIC analysis, possibly causing
this notable increase. Otherwise, these plot shapes are overall as expected with the
methodology used for determining the thermal component.
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4.3.4. [45/-45]2 Layup
Moving next to the thick-ply asymmetric layup:

Figure 4.24 [45/-45]2 flat plate residual stresses.

Figure 4.25 [45/-45]2 convex plate residual stresses.
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Figure 4.26 [45/-45]2 concave plate residual stresses.

In the asymmetric tests, again the flat plate shows an overall higher residual stress
development similar to the strain plots, while the curved plates had roughly the same
values as each other in both plies. The curved plates did show a lower value on average
as compared with the cross-ply tests, which appears to indicate a lowered curvature effect
for these plies much like the strain plots initially demonstrated. As will be described in
more detail later in this chapter, as well as in Chapter 5, this is likely due to the nature of
the layup. Being asymmetric, this sample will naturally generate curvature/warpage due
to its ABD matrix, and in the case of this particular layup, the curvature generated even
from the flat plate sample fits nicely onto the curved plate geometry. This means that it
likely is not being additionally stressed due to the addition of the curvature unlike the
cross-ply samples.
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4.3.5. [0/90]3s Thin-Ply Layup
Switching to the thin-ply tests, the stresses are as follows:

Figure 4.27 [0/90]3s flat plate residual stresses.

Figure 4.28 [0/90]3s convex plate residual stresses.
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Figure 4.29 [0/90]3s concave plate residual stresses.

For the thin cross-ply experiments, we see a matching trend in the concave and
flat 0-degree longitudinal stresses; however, it results in significantly higher final stress
in the concave plate and the transverse stresses are also slightly higher. Conversely, the
convex plate finished with much closer values in all plots to the flat plate, which falls in
line with the strain results. Again here the additional stress being induced from the
introduction of tool plate curvature is apparent, especially in the longitudinal direction for
the 0-degree plies. It is also logical that this is most apparent in the 0-degree plies as they
were the hardest to form to the curved plates due to the fibers running along the
curvature, meaning they need to be bent to fit the plate geometry as compared to the 90degree plies where the fiber run perpendicular to the curvature and so form very easily
with no need to bend the fibers.
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4.3.6. [45/-45]6 Thin-Ply Layup
Finally, looking at the asymmetric thin-ply residual stresses:

Figure 4.30 [45/-45]6 flat plate residual stresses.

Figure 4.31 [45/-45]6 convex plate residual stresses.
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Figure 4.32 [45/-45]6 concave plate residual stresses.

Lastly, with these tests all plots are essentially identical in both shape and final
values. The exception being the longitudinal stress for the -45-degree ply on the convex
plate, which ended at an average of around -300MPa as opposed to the other two tests
which ended slightly higher in magnitude at roughly -450MPa. Much like the other stress
plots, these trends lend themselves well to the direct strain results from the DIC analysis
and do further the idea that the layup more prone to natural curvature during cure had less
overall effect from the addition of a curved plate.
4.4. Discussion of Results
Now, I will tabulate and discuss some of the notable differences in the residual
stress levels based on plate geometry, ply-angle, and the ply thickness. To begin, I will be
comparing the stresses based on plate geometry within each set of experiments, then I
will discuss any differences found between the thick and thin-ply samples.
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4.4.1. Comparison of Flat and Curved Plate Residual Stresses
As was briefly discussed earlier in the strains subsection, there was a trend in the
plots that showed that the cross-ply samples appeared to be more affected by the
introduction of tool-plate curvature compared to the asymmetric samples. Looking now at
the stress results, I’ve tabulated the final residual stress values for each ply angle below
based on which plate it was cured on.
Table 4.1
Final ply level stresses for thick-plies.
Ply
Angle
0°
90°
45°
-45°

Flat Plate (MPa)
Long.
Trans.
-10
-47
-280
-30
287
10
252
12

Convex Plate (MPa)
Long.
Trans.
261
50
120
59
-172
-18
85
-34

Concave Plate (MPa)
Long.
Trans.
995
41
333
83
-287
-52
-278
-52

Convex Plate (MPa)
Long.
Trans.
-148
-40
-379
-25
-335
-36
-284
-40

Concave Plate (MPa)
Long.
Trans.
461
-6
-185
34
-444
-65
-542
-59

Table 4.2
Final ply level stresses for thin-plies.
Ply
Angle
0°
90°
45°
-45°

Flat Plate (MPa)
Long.
Trans.
-142
-26
-207
-22
-453
-56
-429
-58

Beginning with the thicker plies, the 0-degree samples show a significant increase
in final longitudinal residual stress with the addition of curvature, but the magnitude of
the transverse residual stress is mostly unaffected, though it does switch from
compression to tension when on the curved plates. In the 90-degree plies, the effect is
nearly the exact opposite, with the transverse residual stress increasing in magnitude
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while the longitudinal stresses are less affected, with only a noticeable decrease in
magnitude for the longitudinal stress on the convex plate. For the 45 and -45-degree plies,
the flat and concave plates share similar longitudinal stress magnitudes, but with the
concave plate having noticeably larger transverse residual stresses. These samples also
both showed decreases in longitudinal residual stress magnitude on the convex plate.
Focusing now on the thin-ply results, interestingly almost all stresses that
developed were in compression apart from just the longitudinal stress for the 0-degree ply
and the transverse stress for the 90-degree ply when cured on the concave plate. Similar
trends appeared within these tests as were found in the thicker plies, with increasing
longitudinal stress in the 0-degree plies, and again we see the 45 and -45-degree tests
having very similar longitudinal stress development in the flat and concave tests and a
decrease in the convex tests.
In general, the concave plate showed the highest levels of residual stress
development on average, which was especially prevalent in the 0-degree plies. The flat
plate presents the lowest levels of residual stress for the 0 and 90-degree plies, while for
the 45 and -45-degree plies the lowest residual stress levels were found on the convex
plate. It seems logical for this to be the case as the [45/-45] layups would naturally
generate curvature in this direction, and so the addition of the convex curvature may
alleviate some of the stress that would build when curing on a flat plate as the sample
tries to distort against the effects of the vacuum and tool-part interface.
4.4.2. The Effect of Ply Thickness
Analyzing Tables 4.1 and 4.2 again, this time with a focus on the differences
brought about by ply-thickness, and some other interesting trends can be found. In the 0-
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degree plies, the thicker ply samples showed higher stresses on both curved plates, while
on the flat plate, the thin-ply showed noticeably higher longitudinal stress. From the
experimental set-up, this change is likely due to the difficulty in forming the thicker 0degree ply to the curved plates. As these plies contained more fibers, they were less
workable and would often peel away from the plate and require being pressed down
again, whereas the thin-ply material was much more compliant with being molded to the
curved tool plates. Similarly, as the thin-ply samples have higher matrix content and are
lighter-weight, they are more prone to movement that may not have been observed as
noticeably in the thick-ply tests. This is especially compounded with the fact that the
overall part thickness was maintained, which meant more individual plies were used in
the thin-ply tests, adding more room for slight angle differences and more ply-to-ply
interactions.
Looking at the plies from the asymmetric tests, there is a distinct increase in the
magnitude of all residual stresses developed in the thin-ply tests. Again, there is less
difference between plate geometries, but the values themselves are much higher
especially in the longitudinal direction where they are ~1.5x-2x higher than those found
in the thick-ply experiments. This is again likely due to the reasons listed above
pertaining to the thin-ply test set-up and the increase in interactions between plies.
Another reason for notable changes in the thin-ply tests comes from their fragile nature
when preparing the samples. As they are so thin, they would often wrinkle or tear when
trying to remove the backing, which could cause stresses to concentrate in these
previously stressed areas that would not have been an issue in the thick-plies.
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4.4.3. Novelty and Validity of Experimental Methodology
In performing the experimentation as described, the novel portion of this research
comes with the measurement of strains through in-situ means on curved parts. While
other research within our research group such as the works by Chava and Namilae
(2020a, 2020b, 2021) and Motagi and Namilae (2021) focused on the initial development
and testing of the in-situ DIC method to measure various aspects including resin
shrinkage and the residual strains in flat composites, no such work was performed on
curved composites. Furthermore, within current literature the focus for curved composites
is on the spring-in found after curing rather than the residual stresses which are developed
due to the cure cycle, making this study new within the field.
The measurement of process-induced strains through in-situ DIC analysis for
autoclave cured composites was a novel idea first studied by my fellow researcher
Sandeep Chava, who was also the one to teach me how to perform such investigations.
As such, this methodology was validated in his publication, “In-Situ Investigation of the
Kinematics of Ply interfaces during Composite Manufacturing” through comparison of
late-stage movement measurements found by the DIC system to ex-situ X-ray
microtomography of the cured samples. In both cases, the measured displacements of the
wrinkled areas were found to be identical, confirming the capability to accurately
measure the strains through in-situ DIC analysis using the same experimental setup.

72

5. Conclusions and Recommendations
In this research, it was desired to study the formation and evolution of residual
stresses throughout the cure cycle of two different thicknesses of carbon fiber prepreg on
tool plates which featured different types of curvature. The goal was to see what changes
the introduction of this part curvature would bring about in both symmetric and
asymmetric layups, and whether ply-thickness would bring about any differences. To
accomplish these objectives, three tests were run for each combination of layup and plate
type, with in-situ DIC analysis used to measure the level of strains developed throughout
the cure cycle of the sample. From these results, the residual stresses were then calculated
and plotted using the liberated strain approach in MATLAB.
After analyzing the plots, a distinct trend did arise with regards to how the
curvature of the tool plate affected the generation of the residual stresses. Notably, in the
symmetric cross-ply samples, the addition of part curvature caused a distinct increase in
the level of residual stresses which formed; whereas in the asymmetric [45/-45] tests, the
results were very similar regardless of which tool plate the sample was cured on. These
results remained similar within each group of thick and thin-ply samples, and in
comparing the two groups there was not a significant difference in residual stress
magnitude based on ply-thickness. This brings rise to the conclusion that part curvature
does influence residual stress formation, but that it is based on the type of layup used
rather than being strictly an increase or decrease overall. The layup which would warp
upon cooling in this case tended to have little to no effect from the added part curvature,
while those that would naturally remain flat suffered from an increase in residual stress.
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5.1. Recommendations for Future Work
Looking to the future, there are a few recommendations to be made to further
study this topic. The study of other layups would be the primary suggestion to build upon
this particular research, perhaps with a sample featuring all different angles or one with
angle-plies but that also features 0-degree plies. As the 0-degree plies were the most
difficult to physically form to the curved plate, it may be these plies alone which cause
the distinct increase in stresses. Another option would be to introduce the curvature along
a different axis but while using the same layups utilized in this study to determine any
other effects of the epoxy flow into the low areas. Other investigations should be done in
the following areas to build a better understanding of the specific nature of the causes of
these differences in residual stress levels:
•

Cure modelling, such as with ANSYS’ ACP and ACCS modules to compare with
physical results and for more control over specific aspects of the cure cycle.

•

Study of the effects of autoclave conditions such as airflow, location of vacuum
probes, and the usage of autoclave pressure which was not utilized in this study.

•

Interfacial interactions between plies and between the tool plate and the part itself.
With the information gained from these types of observations and experiments, it

should become much clearer what conditions act to alter the formation of the processinduced residual stresses within the laminate.
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